g Molecular diagnostics that rapidly and accurately predict resistance to fluoroquinolone drugs and especially later-generation agents promise to improve treatment outcomes for patients with multidrug-resistant tuberculosis and prevent the spread of disease. Mutations in the gyr genes are known to confer most fluoroquinolone resistance, but knowledge about the effects of gyr mutations on susceptibility to early-versus later-generation fluoroquinolones and about the role of mutation-mutation interactions is limited. Here, we sequenced the full gyrA and gyrB open reading frames in 240 multidrug-resistant and extensively drugresistant tuberculosis strains and quantified their ofloxacin and moxifloxacin MIC by testing growth at six concentrations for each drug. We constructed a multivariate regression model to assess both the individual mutation effects and interactions on the drug MICs. We found that gyrB mutations contribute to fluoroquinolone resistance both individually and through interactions with gyrA mutations. These effects were statistically significant. In these clinical isolates, several gyrA and gyrB mutations conferred different levels of resistance to ofloxacin and moxifloxacin. Consideration of gyr mutation combinations during the interpretation of molecular test results may improve the accuracy of predicting the fluoroquinolone resistance phenotype. Further, the differential effects of gyr mutations on the activity of early-and later-generation fluoroquinolones requires further investigation and could inform the selection of a fluoroquinolone for treatment.
G
lobal surveillance for drug-resistant tuberculosis (TB) suggests that at least 3.5% of the 9 million incident TB cases are multidrug resistant (MDR), i.e., resistant to isoniazid and rifampin. Fluoroquinolones are among the most effective drugs available for the treatment of MDR TB (1, 2) . The importance of the fluoroquinolone drug class is implied in how extensively drugresistant (XDR) TB is defined, i.e., as MDR TB with additional in vitro resistance to second-line injectables and any member of the fluoroquinolone drug class. The different fluoroquinolone agents vary in their potency against Mycobacterium tuberculosis, with third-and fourth-generation agents (e.g., levofloxacin, gatifloxacin, and moxifloxacin) having higher activity than second-generation agents (e.g., ciprofloxacin or ofloxacin) (3, 4) . These differences have led the World Health Organization (WHO) to recommend against extrapolating in vitro culture-based resistance results from second-to later-generation fluoroquinolones and to revise the in vitro testing drug concentration upward to 2 mg/liter for moxifloxacin (4, 5) . Revisions of drug testing concentrations also highlight the need for quantitative resistance testing with MIC measurements when new diagnostic technologies are being compared to culture-based drug susceptibility tests.
Fluoroquinolones exert their antibacterial activity by inhibiting DNA gyrase and topoisomerase IV, limiting the cell's capacity for DNA replication and transcription. M. tuberculosis lacks topoisomerase IV, and its gyrase consists of two subunits encoded by the genes gyrA and gyrB (6, 7) . Mutations in these genes, particularly in the gyrA quinolone resistance-determining region (QRDR), are the main cause of fluoroquinolone resistance in M. tuberculosis (8) . In addition to mutations that confer resistance, the gyrA QRDR also harbors neutral mutations that do not confer resistance (6) (7) (8) (9) .
Molecular diagnostics for isoniazid and rifampin resistance are now available, with advantages over conventional culture-based drug susceptibility (7, 10, 11) . As these tests can be performed directly on sputum, their use does not require the biosafety facilities needed for conventional culture. They can be performed by relatively unskilled workers, and results can be available in 90 min (12) . Molecular technique-based diagnostics that detect gyrA QRDR mutations have been developed, but the sensitivity for predicting phenotypic fluoroquinolone resistance is highly variable, ranging from 69% to 99% (13) . In addition, studies often report aggregate test performance, pooling sensitivity and specificity across early-and later-generation fluoroquinolone agents, and infrequently report on MIC measurements (14) . To improve the accuracy of molecular diagnostics, detailed analyses assessing differential effects of the gyr mutations on resistance to early-versus late-generation fluoroquinolones is important, as resistance to the latter more active agents is the increasingly clinically relevant readout. In addition, the identification of more than one mutation in the gyr genes in a given isolate is not uncommon, and although there is compelling evidence that these can affect the MIC in laboratory strains (15) and in other bacterial systems (16) , the role of mutation additive effects and mutation-mutation interactions (17, 18) in clinical isolates has been rarely reported on. Because the incorporation of any additive and interaction effects can improve the prediction of fluoroquinolone resistance from the gyr genotype, we sought to systematically examine these associations in 240 MDR and XDR clinical M. tuberculosis isolates. Here, we performed quantitative resistance phenotyping with MIC measurements for both early-and late-generation fluoroquinolones (specifically, ofloxacin and moxifloxacin) and performed targeted sequencing of the entire open reading frames and promoter regions of the gyr genes.
MATERIALS AND METHODS
Ethics review. This study was deemed not to constitute human subject research by the Partners Health Care Human Research Committee.
Strain selection and MIC testing. Using an archive of M. tuberculosis isolates from patients referred for individualized M/XDR TB treatment in Lima, Peru, between 1 February 1997 and 31 July 2003 (1), we selected isolates that had undergone ciprofloxacin drug susceptibility testing (DST) using the indirect agar proportion method on 7H10 medium (19) . In 2001, the testing laboratory altered its standard ciprofloxacin critical concentration, reducing it from 2 mg/liter to 1 mg/liter. We randomly selected 175 ciprofloxacin-resistant and 100 ciprofloxacin-sensitive isolates from this archive for ofloxacin and moxifloxacin MIC testing using the indirect proportion method on 7H10 agar. The concentrations tested Ϫ2 and 10 Ϫ4 at each of the 6 drug concentrations. For quality control, we selected a subset of isolates for repeat MIC testing. The repeat MIC results were retained for all data analysis.
Sequencing. In brief the gyrA and gyrB gene sequences were captured using molecular inversion probes (MIPs) (20) designed to cover both DNA strands of the open reading frames, promoter regions, and 100 flanking bases on either side of the selected genes (primers are listed in Table S1 in the supplemental material). DNA was extracted from cultures using the cetyltrimethylammonium bromide (CTAB) method (21) without colony selection. Barcodes and Illumina adapters were attached to the captured sequences during the amplification phase to allow for parallel sequencing. We sequenced the amplified targets on an Illumina GAIIx device, producing raw reads of 75 nucleotides. We repeated this process on strains for which fewer than 95% of the targeted nucleotide positions were covered by at least 20 reads, and we retained in the analysis only those resequenced strains that met these criteria. We called mutations using Bowtie (22) 0.12.7/SAMtools (23) 0.1.18 using the thresholds listed in Table S2 in the supplemental material. We excluded any synonymous mutations and the polymorphisms E21Q, T80A, S95T, G247S, and G668D in gyrA, as they are either recognized to be neutral variants or are known markers of genetic lineage (13, 24, 25) . Mutations in gyrB were numbered based on the http://tuberculist.epfl.ch/quicksearch .php?geneϩnameϭgyrB&submitϭSearch, similar to what was reported by Malik et al. (15) .
Statistical analyses. We treated the MIC as a continuous variable, as has been done previously (26) . For MICs measured at the extremes of the concentrations tested, we used the agar colony counts to predict the MIC using linear extrapolation ("approximately" function in R v 3.1.3). The extrapolated concentrations were highly similar across different strains. For an ofloxacin MIC of Յ1 mg/liter, we used an extrapolated concentration of 0.99 mg/liter; for an ofloxacin MIC of Ͼ10 mg/liter, we used 10.025 mg/liter; for a moxifloxacin MIC of Յ0.125 mg/liter, we used 0.12375 mg/liter; and for a moxifloxacin MIC of Ͼ8 mg/liter, we used 8.5 mg/liter. We performed a sensitivity analysis by repeating the univariate and multivariate model construction described below and altering the value assigned to the extreme MICs.
We used the Wilcoxon rank sum test using R version 3.1.3 for univariate association testing of the gyr mutation with the MIC. As MIC distributions are recognized to be Gaussian on a 2-fold log scale (27) , for the multivariate analysis, we transformed the MIC measures to the log 2 scale and performed linear regression. All nonsynonymous gyr mutations excluding gyrA E21Q, T80A, S95T, G247S, and G668D were included in the multivariate model. A multiplicative interaction term was added for each pair of mutations only if two or more strains carried the mutation pair (4 interaction pairs). We applied forward, backward, and bidirectional stepwise selection using the Akaike information criterion (AIC) to arrive at the final model. We performed a generalized linear F test to assess whether coefficients of gyrA D94G, A90V, and D94A were equal in the moxifloxacin model. Throughout, we used a P value cutoff of 0.01 to assess statistical significance.
We estimated the MIC distribution curves as follows. Using the observed MICs for the pooled isolates harboring either gyrA A90V or D94A, we computed a Gaussian kernel density with a standard deviation (bandwidth) of two using the "density" function in R. We computed this separately for each drug.
Fingerprinting and phylogeny construction. Molecular fingerprinting by either spoligotyping or IS6110 restriction fragment length polymorphism (RFLP) analysis was performed for 44 of the isolates using standard methods (28, 29) , and lineages were identified by comparison with those from publically available databases (30) . For all isolates, data from 28 drug resistance genetic loci, 44,997 kbp, was available from a previous study (M. R. (33, 34) in these loci (see Table S3 in the supplemental material).
RESULTS
Of the 275 MDR TB isolates, 35 duplicate samples from the same patient were excluded. Among the remaining 240, 76 were previously determined to be ciprofloxacin sensitive and 165 were ciprofloxacin resistant. For quality control, we repeated MIC testing on a randomly selected subset of 20 isolates. Sixteen isolates were reconfirmed to have the exact moxifloxacin and ofloxacin MIC. For two isolates, the measured moxifloxacin MIC increased from 0.250 mg/liter to 0.5 mg/liter. For one, the moxifloxacin MIC changed from Յ0.125 to 0.250 mg/liter, and for the last, the moxifloxacin MIC decreased from 8 to 4 and the ofloxacin MIC changed from 8 to 6 mg/liter.
Across the 240 isolates, 96% of the gyr gene bases were covered with 20 or more reads, and 88% were covered with more than 100 reads. The isolates were genetically diverse, and both the EuroAfrican American lineages (LAM, T, H, and X) and the East Asian lineage (Beijing) were represented (see Fig. S1 and Table S3 in the supplemental material).
We found 37 distinct mutations in the gyr genes, all single nucleotide substitutions, 29 (76%) of which were nonsynonymous changes; 15 were located in gyrA and 14 were in gyrB. We found no variants in the gyr promoter region. The mutations most strongly associated with ofloxacin and moxifloxacin resistance on univariate analyses were the gyrA D94G, A90V, and D94Y mutations and the gyrB V340L and N538T mutations ( Table 1) . The gyrA D94A and A90V mutations were associated with median MICs of 2 and 4 mg/liter, respectively, for ofloxacin and with a median moxifloxacin MIC of 1 mg/liter. We found 17 mutations outside the QRDRs (Table 1) .
We estimated the association between MIC and gyr mutations and their pairwise interactions through multivariate regression ( Table 2) . As 31% (35/112) of the isolates with gyr mutations harbored more than one mutation (see Table S4 in the supplemental material), the multivariate models allowed us to isolate and compare the effects of each mutation on the moxifloxacin and ofloxacin MICs. Several gyrA mutations were associated with a higher MIC of both ofloxacin and moxifloxacin. The gyrA D89N mutation, however, was significantly associated with an increase in the moxifloxacin MIC but was not significantly associated with a change in the ofloxacin MIC in both univariate and multivariate analyses.
The gyrB mutations N538T, N538D, T539A, E540D, and A681P, although infrequent, were associated with significant effects on the MIC in either the univariate or multivariate analysis ( Table 2 ). The gyrB mutation N538T was the most frequently observed of these mutations, occurring in 4 isolates. Although statistically significant in the univariate analysis, it was no longer significant after adjustment for the presence of other gyr mutations; specifically, 3 of the 4 isolates with gyrB N538T carried a mutation in codon 94 of gyrA. The fourth isolate carried only gyrB N538T and had moxifloxacin and ofloxacin MICs of 0.250 and Ͻ1 mg/liter, respectively. Notably, all three isolates that carried gyrB N538T and gyrA codon 94 mutations (1 with D94N and 2 with D94G) had moxifloxacin MICs of Ն8 mg/liter and ofloxacin MICs of Ն10 mg/liter, whereas the remaining 31 isolates that carried D94N or D94G alone had moxifloxacin MICs of Յ4 mg/liter (median, 4 mg/liter) and ofloxacin MICs of Յ10 mg/liter (median, 6 mg/liter). Although the interaction term between gyrB N538T and gyrA D94G was not significant in the multivariate model, including the interaction term improved the models' MIC prediction for both moxifloxacin and ofloxacin. In the multivariate model, the gyrB mutations N538D and A681P were associated with significant elevations in MICs of both drugs; gyrB E540D was significantly associated with an increase in the MIC of moxifloxacin but not to ofloxacin, and gyrB T539A was associated with an increase in ofloxacin MIC but not moxifloxacin MIC. Although the gyrB mutation V340L was individually associated with a higher MIC of both drugs, it was not significantly associated with a higher MIC in the multivariate analysis; we observed that 9 of the 11 isolates that carried this mutation also had a mutation in gyrA (3 with D94G, 5 with A90V, and 1 with D94A). Forward, backward, and bidirectional stepwise selection all yielded an identical final multivariate model for each drug. In the sensitivity analysis, we confirmed that altering the value assigned to the extreme MICs did not change the final MIC models' coefficients by Ͼ10% and did not alter their significance. Of the gyrA QRDR mutations, the mutations A90V and D94A had the smallest effect on the moxifloxacin MIC (log 2 MIC change of 2.2 [95% confidence interval {CI}, 1.7 to 2.7] and 1.7 [95% CI, 1.1 to 2.3], respectively). These effects were statistically different from the effect of gyrA D94G, with a 3.1 log 2 MIC change (95% CI, 2.7 to 3.5) (F test P values of 0.003 and 0.0005, respectively). For ofloxacin, the mutations A90V and D94A had a comparable effect on the MIC as D94G (F test P values of 0.4 and 0.02, respectively). We estimated the ofloxacin and moxifloxacin MIC distribution for isolates with these gyrA mutations. The MIC distribution's mode was 0.9 mg/liter for moxifloxacin (Fig. 1) and 3 .5 mg/liter for ofloxacin. Only 5/40 (13%) of these isolates would be classified as resistant to moxifloxacin (MIC Ͼ 2 mg/liter), and 27/40 (68%) would be classified as resistant to ofloxacin (MIC Ͼ 2 mg/liter).
We determined the percentage of isolates with high moxifloxacin MICs that harbored only gyrB mutations. Of 39 isolates with a moxifloxacin MIC of Ͼ2 mg/liter, 13 carried a gyrB mutation. Only four isolates carried a gyrB mutation without a cooccurring QRDR mutation in gyrA. Three of the 39 isolates (8%) carried a gyrB mutation that was associated with resistance in the multivariate analysis (N538D, A681P, and E540D); the fourth isolate carried the gyrB S700T mutation. The gyrB mutations N538D, A681P, and E540D did not occur in any isolate with a moxifloxacin MIC of Ͻ2 mg/liter.
Isolates with higher MICs were more likely to carry a gyr mutation (Fig. 2) and all the isolates within the highest MIC categories (ofloxacin MIC of Ն10 mg/liter, 6 isolates; moxifloxacin MIC of Ն8 mg/liter, 7 isolates) harbored gyr mutations. In isolates with intermediate MICs, there were no gyr mutations found in 17% (12/71) of isolates for ofloxacin (MIC, 4 to 8 mg/liter) and in 12% (9/77) of isolates for moxifloxacin (MIC, 1 to 4 mg/liter). gyrA and gyrB individual mutations, excluding gyrB I310M, V340L, and S700T, which were not significant by multivariate analysis and interaction effects, have sensitivities of 75% and 90% for predicting moxifloxacin MICs of Ͼ0.25 and Ͼ2 mg/liter, respectively. The specificity of this set of mutations at the respective moxifloxacin MICs is 90% and 70%. Restricting to the gyr QRDR regions tested in version 2.0 of the GenoType MTBDRsl assay (35) , the sensitivities are 70% and 87% and the specificities are 93% and 73% for moxifloxacin MICs of Ͼ0.25 and Ͼ2 mg/ liter, respectively.
DISCUSSION
Our data support the conclusion that gyr mutations can have differential effects on resistance to early-versus late-generation fluoroquinolones. We found the gyrA mutations A90V and D94A to have a smaller effect on the moxifloxacin MIC than the gyrA D94G mutation, but we did not observe a similar difference for ofloxacin. Previous studies have also found gyrA A90V to have a weaker effect on moxifloxacin resistance, including allelic exchange experiments, where the ofloxacin MIC was found to be in the 2-to 4-mg/liter range and the moxifloxacin MIC was consistently Յ1 mg/liter and sensitive by current WHO standards (36) (37) (38) . We could not find any experimental or allelic exchange data on the effect of D94A on fluoroquinolone resistance, but this mutation is regarded as a canonical cause for any fluoroquinolone resistance in MTB (38) (39) (40) . The estimated moxifloxacin MIC distribution for strains carrying either D94A or A90V peaks lower than the expected peak serum concentration (41, 42) , suggesting that it may be possible to nevertheless "treat through" this resistance with moxifloxacin but not with ofloxacin ( Fig. 1) . Studies of dose increases and patient treatment outcome are needed to confirm this.
We also found that gyrA D89N and gyrB E540D cause differential resistance to moxifloxacin in clinical strains; this is supported by previous allelic exchange experiments for gyrB E540D, where resistance to ofloxacin, ciprofloxacin, and levofloxacin was also tested (15) . Our data also suggest that interactions between gyrA and gyrB mutations influence the fluoroquinolone MIC. In particular, isolates harboring both gyrB N538T and either gyrA D94G or gyrA D94N may have higher MICs than isolates carrying the gyrA mutations alone. However, we observed these mutation combinations in a small proportion of isolates, and further analysis in larger data sets and perhaps with allelic exchange is needed to confirm this interaction. In addition, we found that gyrB mutations alone explained 8% of moxifloxacin resistance, and although all the gyrA mutations significantly associated with moxifloxacin resistance were in the QRDR, we found several gyrA mutations outside the QRDR in fluoroquinolone-resistant isolates. We found that isolates with intermediate MICs were less likely to carry gyr mutations than those in the highest-MIC categories. Potential etiologies of the FIG 1 Estimated ofloxacin (OFX) and moxifloxacin (MXF) MIC distributions in isolates with the gyrA mutation A90V or D94A (there were no isolates with both mutations). MIC distributions are superimposed on a histogram of the observed MICs. The MXF MIC peaks lower than the lower limit of the peak MXF serum concentrations (dotted pink line; 3 mg/liter) (41); however, the OFX MIC peaks higher than the peak serum concentration for OFX (dotted blue line; 2 mg/liter) (42).
FIG 2
Histogram of gyr mutation frequency as a function of MIC by drug. MICs are plotted using a log 2 scale. The two extreme MIC bins were collapsed into the adjacent MIC bin. All nonsynonymous mutations were counted except for the lineage gyrA mutations E21Q, T80A, S95T, G247S, and G668D and the gyrB mutations I310M, V340L, and S700T, as the latter 3 were not found to be associated with drug resistance in the multivariate model. unexplained phenotypic resistance in these isolates include the presence of rarer subpopulations of bacilli that carry gyr mutations that were not detected despite the high depth of sequencing. Alternatively, other genetic mechanisms, including mutationmutation interactions outside the gyr regions may explain fluoroquinolone resistance in these strains. Alterations in both efflux pump function and the DNA gyrase-associated protein MfpA have been proposed, but neither has been confirmed to be a relevant cause of fluoroquinolone resistance in clinical isolates (13) .
Overall, our study highlights the complexity of phenotypic resistance prediction from the gyr genotype. Capturing the differential effect of the mutations on early-and later-generation fluoroquinolone agents will require an improved interpretation of the molecular test results, one that is drug specific and perhaps classifies mutations into three or more risk categories for resistance. If future research, especially studies that involve the whole-genome sequences, reveals and confirms the role of mutation-mutation interactions, more complex statistical models of predicting resistance may be required to help improve the genotype sensitivity for predicting the fluoroquinolone resistance phenotype.
